Introduction
Vascular stents are a common method of choice to treat artery disease by dilatation of narrowed vessel cross sections and holding them open. In coronary application such stents are in general balloon expandable. From the biomechanical point of view, maximum stent expansion diameter will achieve maximum lumen gain and thus best hemodynamics. On the other hand, the opened vessel may be severely damaged by overexpansion. This is thought to result in increased neointima formation and thus restenosis. This effect was studied before and lead to the parameter of injury score [1] . Furthermore, maximum contact between stent surface and vessel wall is considered effective for all kinds of drug-eluting stents where antiproliferative agents embedded in strut coatings are supposed to suppress smooth muscle cell growth to avoid in stent restenosis. What is in this complex field the best strategy for stent implantation?
Material and Methods
In vitro biomechanical investigations were performed using thin polyurethane test tubes (pellethane 90 AE, ID=3.0 mm, wall thickness 0.075 mm). Laser measurement of inner pressure to diameter characteristics provide the diameter compliance of C=1.1 % / 100 mmHg which is considered to be 2 -5 times lower than healthy coronary arteries [2] but can be used as a mechanical model of atherosclerotic vessels [3] . Similar data were determined for tubes with ID=3.5 mm which were also used (C=1.26 %/100 mmHg). All stent expansions were done with stent systems BIOTRONIK PRO-Kinetic 3.0/15 or 3.5/15, respectively. Pressure -diameter characteristics were measured using a laser scanner (Zumbach ODAC 32XY) while placing the stents in a 37°C heated water bath. Elastic recoil was measured with the stents implanted inside the test tubes as described above. The porcine arteries with inner diameters of 2.4 to 3.0 mm were prepared immediately after slaughter (FBN Dummerstorf) from the surrounding heart tissue and stored in culture medium (250 ml water, 3.375 g Dulbecco's buffer, AppliChem, Darmstadt, 0.925 g natriumbicarbonate, 6.25 ml HEPES, 25 ml fetal bovine serum, 5 ml Penstrep, PAA, Pasching, Austria) for transport. In the laboratory the arteries were further cleaned and freed from remaining tissue. The inner diameter of the arteries was measured using calibrated rods of an accuracy of 0.1 mm.
Figure 1:
Cross section of stent in native coronary artery Stent implantation was performed into 25 arteries at different balloon expansion pressures from 10 to 16 atm. Time between artery harvest and stent implantation was never longer than 3 hours. Subsequently, the stented arteries were dehydrated and fixed in Epo-Thin (Bühler) under vacuum. Cured samples were cut and surface grinded. Staining with toluidin blue and silver nitrate helped to distinguish media from intima and adventitia. Microscopy enabled perfect sight on vessel injury (ruptures and incisions, figure 2 ) assessed using the injury score of Schwartz and Holmes [1] and a quantitative assessment of wall contact (for principle see figure 4 ). The definition of injury score "has been … described and validated, with values of 0 (no arterial injury), 1 (internal elastic lamina lacerated), 2 (medial injury), and 3 (laceration of the external elastic lamina)" [1, p. 397] 
Results
Different states of vessel overexpansion were intended and realized by varying balloon pressure from NP (10 atm) up to RBP (16 atm). The degree of lumen gain as well as wall contact area did not depend on balloon pressure but on the diameter fit between vessel size and stent diameter during expansion. Table 1 demonstrates the achieved acute lumen gain and the corresponding contact area between stent strut surface and vessel tissue. The results are sorted in four groups depending on the acute lumen gain. The injury score ranged from 1 (underexpansion) to maximum 2 (dangerous oversizing). 
Discussion
The experiments were intended to examine the impact of lower or higher balloon pressure during stent implantation or dimensional mismatch to the amount of vessel injury and contact area. Vessel injury did not depend on balloon pressure but on proper match or mismatch of vessel diameter to stent expansion diameter. The latter depends on the selected dimension (which was 3.0 or 3.5 mm nominal), the balloon compliance and expansion pressure. High pressure was not required from a biomechanical point of view because no stenotic plaques had to be ruptured.
Figure 4:
Examples for undersized, equal sized, oversized and maximum oversized stents in contact with the vessel wall (from top to bottom)
It was further observed that maximum overexpansion can result in serious wall damage and thus in potential acute ruptures. Severe damages are expected to be also the origin of increased biological response ending with a higher risk of restenosis. The wall contact area which could be of interest for drug-eluting stents was not increased in a way to justify intensive oversizing. On the other hand, undersizing the stent will lead to partially missing contact between stent and vessel wall. This malapposition bears the risk of delayed or even missing endothelialisation and late stent thrombosis. The elastic recoil of modern stents is low and generally not responsible for diameter mismatch [4] .
